In this study, phytoplankton communities as well as environmental factors in a subtropical mussel-fish integrated pond in China were investigated during December 2012 to November 2013. Phytoplankton showed distinct seasonal density shifts in community structure at both taxonomic and functional levels. Cryptophyta was the dominant assemblage in low and moderate temperature, especially in January, April and May. Cryptophyta was gradually replaced by Cyanophyta with increase in temperature and formed cyanobacterial bloom in July. Chlorophyta became the most dominant group in the following six months with the second dominant assemblages of Cyanophyta, Cryptophyta and Bacillariophyta every two months in turn. Bacillariophyta was the dominant assemblage in March with low temperature and nutrients concentration. It appeared that water temperature and total nitrogen (TN) were the most critical factors driving phytoplankton community shift in terms of density and biomass, respectively.
Introduction
Phytoplankton being the main primary producers, form an important component in aquatic ecosystems and play major role in energy flow and matter cycling (Finlay et al., 1998) . Phytoplankters are also used as bioindicators in water quality monitoring owing to their rapid growth rates and as they quickly respond to environmental changes than other aquatic organisms (Xu et al., 2008) . Therefore, understanding the characteristics and processes in spatial and temporal dynamics of phytoplankton communities in aquaculture ponds is crucial for effective and sustainable management. Temporal changes in phytoplankton communities usually depend on temporal variations of ambient physical factors, nutrient concentrations and biotic factors (Sommer et al., 1986) . Relationships between them have rapidly gained increasing attention in natural and artificial water bodies (Tucker et al., 1984; Xu et al., 2008; Lv et al., 2014; Masmoudi et al., 2015) .
The triangle sail mussel Hyriopsis cumingii (Lea, 1852) is the most important mussel species in commercial freshwater pearl production of China, which is exported to many countries since 1970s. In traditional farming ponds, H. cumingii is co-cultured with planktivorous fishes (Hypophthalmichthys molitrix and Aristichthys nobilis) and excessive organic manure is used for providing natural food (phytoplankton and detritus) for the mussels and fishes, consequently resulting in serious environmental problems. Previous studies found that introducing selected omnivorous or herbivorous fish species (Ctenopharyngodon idella and Carassius auratus) in the traditional mussel-fish integrated system and feeding the fishes with formulated feed with less or even no manure in pond could significantly improve the quality of aquatic environment and reduce economic losses (Yan et al., 2009; Dai et al., 2013) . However, studies attempting to explain the annual general patterns of phytoplankton succession in these ponds are few, and the main factors driving the succession are poorly understood. In this backdrop, this study was undertaken with the aim of documenting the community dynamics of phytoplankton in relation to environmental factors in mussel-fish integrated ecosystem.
Materials and methods

Study area
A mussel-fish integrated pond (area -64 m²; annual average water depth -1.6 m) situated in Deqing Pearl Farm (30°43.90ˊN; 120°18.73ˊE) was selected for this study. Lime (CaO) was applied in June and July @ 60 g m -2 each month. Organic manure was applied intermitantly in order to provide natural food. The pond was stocked with 4 year old mussels, H. cumingii along with Mylopharyngodon piceus (2.07±0.62 g), C. idella (33.48±2.85 g) and H. molitrix (13.52±4.87 g) at a stocking ratio of 5:10:3:1. The stocking density of H. cumingii was 1.0 indviduals m -3 . Formulated feed was regularly supplied every morning with an average annual feeding of 12 kg m -2 .
Sampling and analysis
Surface water and phytoplankton samples were collected between 9.00 and 10.00 hrs once in a month from December 2012 to November 2013. Sampling, analyses, as well as the recording of 12 environmental variables, comprising water temperature (WT), water depth (WD), pH, dissolved oxygen (DO), chemical oxygen demand (COD), chlorophyll a (Chl a), transparency, total nitrogen (TN), total phosphorus (TP), ammonia nitrogen (NH 3 -N) and nitrite nitrogen (NO 2 -N) were carried out following the standard method of Lv et al. (2014) . Calcium ion (Ca ) based on standard geometric formulae (Hillebrand et al., 1999) . Biovolume values were then converted to fresh biomass assuming 1 μm 3 equals 1 pg (Eker and Kideys, 2003) . Phytoplankton functional groups were identified following the keys of Reynolds et al. (2002) and Padisak et al. (2009) . Few species that were hard to assign to taxa based on literature, were classified to unknown taxon. Those contributing more than 5% of the total biotic data were classified as prevailing functional groups. Sampling times were used to represent the temporal factors.
Trophic state assessment
The trophic state was assessed using the comprehensive nutritive index TSIc, which is calculated according to the formula of Cai (1997) based on the classical Carlson TSI (Carlson, 1977) . The scale values of TSIc ranks on a numerical scale of 0 to 100, which correspond with different trophic state conditions (Table 1) (Yang et al., 2012; Lv et al., 2014) .
Data analysis
Exploratory, correlation, cluster and ordination analyses were performed using the R 3.0 software (Legendre and Gallagher, 2001) while environmental data were log transformed [log1p(x)]. The DCA results revealed that the longest gradient lengths were shorter than 3.0, indicating that the majority of species or functional groups exhibited linear responses to environmental variation. Redundancy analysis (RDA) was chosen to examine variations in the community structure. Ability of the environmental variables to explain the variance in biotic data in RDA was tested using Monte Carlo simulation with 999 permutations. Variables were considered to be significant when p<0.05.
Results and discussion
Composition and succession of phytoplankton in taxonomic groups
In total, 72 taxa of phytoplankton were identified, belonging to eight phyla (i.e., Bacillariophyta, Chlorophyta, Cyanophyta, Chrysophyta, Cryptophyta, Euglenophyta, Pyrrophyta and Xanthophyta). The most diverse groups were Chlorophyta (37 species, accounting for 51.4% of total), followed by Bacillariophyta (14 species, accounting for 19.4% of total) and Cyanophyta (11 species, accounting for 15.3% of total). The density of phytoplankton ranged between 2.7×10 7 and 24.8×10 7 cell l -1 and biomass between 22.7 and 260.9 mg l -1 (Fig. 1a, b) . Clearly, the density and biomass of Cyanophyta were greater during the high temperature period from May to November than the low temperature period from December to April. Meanwhile, Bacillariophyta showed relatively high density and biomass during the low-temperature period. Overall, the dominant assemblages were Chlorophyta, Cryptophyta, Cyanophyta and Bacillariophyta in terms of their density and biomass.
Since Sommer et al. (1986) mode, the seasonal succession of phytoplankton has been described from numerous studies in various water bodies, such as lakes, reservoirs and ponds (Takamura et al., 1995; Lv et al., 2014; Masmoudi et al., 2015) . There were distinct seasonal shift in phytoplankton communities based on density data of eight taxonomic groups (Fig. 1a) . Cyanobacteria prefer higher temperature, and sustained high growth rates from April to November, and dominated the community in July. As surface water temperature and nutrients (TN, TP) concentration decreases, the appearance of Bacillariophyta species (Melosira granulate, Navicula sp., Cyclotella sp.) were able to sustain high organismic growth rates and became the dominant group in March, accounting for 38.1% of the total density. However, adaptable Cryptophyta, especially species of Cryptomonas proliferated rapidly and achieved dominant position in January, April and May, accounting for 34.5, 36.6 and 46.1% of the total density, respectively. This change indicated Cryptophyta species were not strictly restricted by temperature. However, seasonal succession pattern based on biomass was not so obvious. Cryptophyta formed dominant assemblages during most of the months (Fig. 1b) . Cluster analysis indicated Phytoplankton communities in mussel-fish integrated pond that both density and biomass of samples were clearly divided into two clusters at height of 1.2 (moderate and extreme-temperature clusters) (Fig. 2a,b) . One cluster is comprised of samples with temperature ranging from 18-25 O C, while the other one lower than 10 O C or around 30 O C.
Composition and dynamics of phytoplankton in functional groups
Phytoplankton were divided into 23 groups viz., B, C, D, E, P, F, G, M, H1, J, L O , L M , MP, N A , S1, W1, W2, X1, X2, X3, Y, T C , T D and unknown functional groups based on the morphological and ecological characteristics as per the trait-separated functional groups described by Reynolds et al. (2002) and Padisak et al. (2009) . The most frequently occurring groups were P, X1, X2, J, Y and L O (accounting for 100% occurrence), followed by MP and M (91.7% respectively), and N A (83.3%). Prevailing groups were P, X1, X2, J, M, N A , Lo, Y, MP, S1 and E based on density, while P, X2, MP, Lo, Y, W1 and E based on biomass. The composition of the phytoplankton community and pattern of succession were analysed using these prevailing functional groups. In terms of (Fig. 3a) . However, no distinct temporal biomass shifts at functional levels were found (Fig. 3b) . Cryptophyta group Y was typically dominant during most of the months. Cluster analysis indicated clear division into two clusters (low and high temperature clusters) based on density data at height of 1.0 (Fig. 4a) . However, clusters divided by biomass data showed a similar structure as indicated by phytoplankton community of taxonomic groups (Fig. 4b) . , transparency and WT showed significant differences between months. Chl a showed significant negative association with transparency (p<0.01), and significant positive correlation with TP and WT (p<0.05). TN:TP mass ratios were significantly related with TP and NO 2 -N at p<0.05 and p<0.01, respectively. TN:TP mass ratio were relatively high during low temperature period (5-7 O C) and November, with values lower than 68 in other months, indicating the pond was generally N-limited during high-temperature period (18-33 O C) or P-limited during low-temperature period.
The comprehensive nutritive index TSIc is widely used in trophic state assessment (Lv et al., 2014) . The TSIc values ranged between 61.5 to 79.0, specifically indicating a middle mesotrophic state condition from December to May which coincides with low temperature (5-7 O C),
Pin. Phytoplankton communities in mussel-fish integrated pond a hypereutrophic condition in the remaining months having high temperature (18-33 O C). This conclusion was generally consistent with reports from waters culturing freshwater pearl mussels (Zhu et al., 2008) .
In artificially controlled breeding ponds, species related to nutrient sufficiency and good light conditions were able to sustain high appearance rates with the input of exogenous nutrients during the breeding process (Calijuri et al., 2002) . In this pond, such groups were Chlorella sp., Chlamydomonas sp., Ankistrodesmus falcatus, Chroomonas acuta and Peridinium sp., which belongs to groups X1, X2 and Lo. The 100% occurrence frequencies of these functional groups in turn indicated eutrophic condition of the water. High density of Chlorophyta indicated organic polluted and eutrophicated condition of water (Lu et al., 2010) . Blooms of Cryptophyta in January, April and May accompanied by decrease and even disappearance of Chrysophyta also verified the organic pollution (OrtegaMayagoitia et al., 2003) . Therefore, it was deduced that our experimental pond was in a eutrophic and organic 
Relationship between phytoplankton community and environmental factors
Factors that are necessary for the growth of phytoplankton, such as nutrition, light, biological effects (predation, parasitism), may become limiting factors to the succession of phytoplankton community (Kagami et al., 2007; Xiao et al., 2011) . Studies have confirmed that changes in nutrient concentrations have a greater effect on the phytoplankton community than climatic factors such as temperature (Salmaso, 2010; Dong et al., 2012) . In the present study, Monte Carlo simulation revealed that water temperature was the most important variable to influence the density-based community of phytoplankton (Fig. 5a) , which was consistent with the view of Jin et al. (2012) . TN played the most important role in shaping the biomass-based community (Fig. 5b) . Details of abbreviations of taxonomic groups in the two figures, are presented in Table 2 . 
Cyanobacterial dominance in ponds
Cyanophyta (species of Microcystis, Aphanizomenon and Oscillatoria) were the most dominant groups in the mussel-fish integrated pond during high temperature period in terms of their density and biomass. Cyanobacteria blooming has become an obstacle to the sustainable development of pearl industry because of their toxicity (Havens et al., 2003) . Cyanophyta mostly benefit from human influence through the combination of rising temperatures and increase in nutrients loading. The concentration and proportion of nutrients (N, P) in ponds for pearl production depend largely on stocking and management models (Wang et al., 2009) . Though the favoured integrated stocking model was demonstrated to effectively improve the water quality and control excess growth of harmful phytoplankton, our study still found the occurrence of cyanobacterial blooming in July. Inappropriate management model, such as irregular fertilisation might be the main cause. According to the findings of Terziyski (2007) , Jin et al. (2013) and Mischke (2014) , fertilisation with organic or inorganic manure did not significantly influence the composition of species but increased their density. Fertilisation is a very common arrangement in order to sustain the quantity of phytoplankton needed for filter feeders. However, inappropriate fertilisation may greatly increase the risk of eutrophication and cyanobacterial blooming. Such worries have aroused increased attentions towards improving stocking and management models of freshwater mussels in order to maintain the water quality and restore the ecosystem of culture ponds.
